Higher content of silica in geopolymer coating resulted in better thermal properties. Since rice husk ash (RHA) has the highest silica content compared to other aluminosilicate sources available, it offers the best potential to be an alternative silica source in producing geopolymer coating binder. In this study, five factors including ratio of alkaline activator (AA) (A), ratio of RHA/AA (B), curing temperature (C), curing time (D) and concentration of NaOH (E) were analyzed using statistical analysis to identify the significant factors that mostly influence fire retardant performance of RHA-based geopolymer coating. The fire retardant tests were conducted and results recorded included (i) time taken to reach 300°C and (ii) temperature at equilibrium. Sample S7 (coating composition of A=5.5, B=0.3, C=50°C, D=7days, E=8M) which produced the best fire retardant performance was selected for further detailed investigation using thermogravimetry analysis (TGA) and scanning electron microscopy (SEM). It was found that the back temperature of mild steel plate of sample S7 reached 300°C after 17 minutes and achieved an equilibrium state at 398°C. SEM micrographs showed the presence of needle-like structures formed after fire test might be the reason for the best fire performance of sample S7.
Introduction
Steel are largely used in many areas such as in building construction, offshore structure, ships, railways, bridges and airports. Despite its exceptional strength, steel (high strength steel or mild steel) started to lose its strength (such as 0.2% yield strength and elastic modulus) at temperature above 540°C [1] . Therefore, fire retardant material is necessary to shield or coat the steel substrate. Intumescent coating, one of the most commonly used materials, will expand greatly when exposed to heat and serves to create a char layer that protects the steel substrate.
Previous studies showed that silica-containing fire resistant material has potential in substituting for halogenated fire resistant material (such as chlorine, bromine, phosphorous or inorganic metal compound) since it does not emit corrosive smoke during combustion [2] and poses no harm to the environment [3] . One of the most promising alternatives is geopolymer coating. Numerous studies had been conducted on the preparation of geopolymer coating on metal substrates (using fly ash and metakaolin). Temuujin et al. studied the effect of Si/Al ratio of metakaolin-based geopolymer coatings on the adhesion strength of stainless and mild steel and elucidated their thermal behavior [4] . Fletcher et al. studied the effect of heat on geopolymer with various Si/Al ratios ranging from 0.5 to 300 [5] . Both researchers claimed that factors such as high ratio of Si/Al and low water content resulted in better thermal properties.
Geopolymers or alkali-activated aluminosilicate are prepared by synthesizing alkaline activator (sodium hydroxide and sodium silicate) with aluminosilicate sources. Rice husk (RH) is cheap yet has good material properties that are acceptable for many applications. RH is one of the largest available biomass resources that is wasted since only a marginal fraction is actually utilized [6] . Since RH is cheap, widely available and bio degradable, research on utilizing rice husk as an engineering material has become increasingly important.
The fire retardant properties of geopolymer can be influenced by a number of factors such as ratio of alkaline activator (AA) solution, concentration level of sodium hydroxide (NaOH) solution, curing temperature and time, ratio of solid-to-liquid (RHA/AA), sintering temperature and time [7] . To develop a process involving large number of factors to obtain optimum result using conventional/classical statistical approach is laborious and time consuming. The relatively new factorial design method, was thus employed due to its ability to provide sufficient information, such as the number of significant factors and relationship between these factors [8] .
The objective of this study was to screen and identify the significant factors that mostly influence the fire retardant properties of geopolymer coating based on RHA. In addition, fire performance and material characteristic was studied to help in understanding the impact of each factor on the material properties. The potential of RHA as an alternative silica source for fire retardant coating material was also elucidated.
Materials and Experimental Details
Design of Experiment. Five factors were considered in the experimental design based on their probable influence on the response (temperature at equilibrium time taken to reach 300°C). The factors were ratio of AA (A), ratio of RHA/AA (B), curing temperature (C), curing time (D) and concentration of NaOH (E). A two level-five factors fractional factorial (2-5 FFD) experiment was designed and each factor the effect of two levels, low and high, were studied. Other factors were kept constant including coating thickness (1.0 ± 0.3 mm) and size of aggregates (approximately 22.8 µm).
Raw materials.
Rice husk was burnt at temperature below 700°C for 24 hours to produce rice husk ash (RHA). The ground RHA, which is an aluminosilicate source, was prepared using planetary mill Pulverisette 4. RHA was then sieved producing particle size ranging from 3.4 -59.5 µm, with an average size aggregate of approximately 22.8 µm. The chemical composition of RHA is shown in Table 1 . SiO 2 was found to be the major constituent in RHA. Other components present included PdO, Al 2 O 3 , and Fe 2 O 3. Sample preparation. Geopolymer was first prepared by mixing the sodium hydroxide and sodium silicate solutions at designated ratios. The AA solution was mixed with RHA and the mixture stirred gently for 30 seconds before using mechanical stirrer for another 30 minutes or until the solution become homogenous. The mixture was strained through a small sieve directly onto a mild steel plate (10 cm x 10 cm x 0.1 cm) which was previously cleaned using sand paper and degreased with acetone. The coated substrate was cured in an oven for 24 hours followed by 6 or 20 days at room temperature for complete curing. The coating thickness obtained was 1.0 ± 0.3 mm.
Fire performance test. The fire retardant tests were conducted by using the Thermacam S500 (infrared camera). Distance between infrared camera and sample, (60 cm) and between sample and blow, (7 cm) were kept constant throughout the test. Bare and coated mild steel plates were exposed to fire for at least 20 minutes or until equilibrium temperature was reached. Temperature on the back of the mild steel plates was plotted as a function of time.
Analysis, measurement and characterization. Experimental data were analyzed using MINITAB 7. Scanning electron microscopy (SEM) was performed using JEOL JSM-6400 to analyze the microstructure of selected geopolymer coating. Thermogravimetry analysis (TGA) was carried out using a Mettler Toledo micro and ultra-micro balances in an atmosphere of flowing nitrogen gas in alumina crucibles at a heating rate of 10°C/min over a temperature range from 50°C to 1000°C.
Result and discussion
Experimental result. Using design matrix of the factors and the response, experimental data were analyzed using statistical analysis software. The uncoded (actual value) design matrix for the factors and all responses for 32 experimental runs including replication are shown in Table 2 . Values for R-square and R-square (predicted) obtained from the statistical analysis were higher than 0.97 and 0.93 respectively. This indicated that the results obtained were accurate and reliable. D  E  TAE  TTR  300  S09  S05  S02  S23 S22 S12 S16 S19 S06 S14 S29 S32 S20 S04 S30 S28 3. 70  50  50  50  70  50  50  70  70  70  50  70  50  70  50   21  7  21  7  7  7  7  21  21  7  21  7  7  7  21  7   8  12  12  12  8  12  12  12  12  8  12  8  8  8 260  300  218  215  405  208  432  297  767  292  263  750  991  236  152   S40  S15  S24  S25  S17  S13  S33  S03  S34  S26  S39  S11  S21  S41  S07 50  50  70  70  70  70  50  70  70  50  50  50  50  50  70   21  21  7  21  7  7  7  21  21  7  21  21  21  21  7  21   8  8  12  8  12  8  12  12  8  8 Pareto plot. Fig.1 shows the pareto chart of the effects of main factors and interaction of factors. It draws a reference line which if exceeded will identify the factor as potentially important [9] . From both charts, factor E (concentration of NaOH) was found to be the most influential since it extended the most beyond the reference line. Except for curing temperature, which had no effect on the time taken to reach 300°C, other factors were statistically significant at 95% confidence level. Compared to other interactions, those occurring between factors B and E had the strongest effect on both responses. Factors B and E were thus identified for subsequent optimization process.
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Properties and Application of Geopolymers Effect of ratio of Si/Al and ratio of water/solid. In Fig. 2 (a) and (b), the highest ratios of Si/Al (approximately 140) produced the best fire performance. The result is in agreement with that reported earlier by Temuujin et al. [10] and Khan et al. [11] . Both researchers found that the adhesion strength improved with increase in silica content. The high degree of dissolved silica thus created rougher surface [11] . And since rougher surface is associated with good adhesion bonding, it can be concluded that geopolymer with higher ratio of Si/Al is able to produce better fire performance.
Ratio of water/solid, ranging between 1.35 and 1.50 gave better results. This means that, when the ratio of water/solid is higher than 1.50, the geopolymer binder is more workable. However, the degree of dehydration and rate of shrinkage are higher which leads to coating delamination. The finding concurs with that reported earlier by Temuujin et al. [12] . On the other hand, lower ratio water/solid will lead to low workability and resulted in improper mixing of the components and a less homogenous mixture. According to Bhowmick et al., the coating had low adhesion strength to the steel substrate and higher expansion rate [4] . Coating with good adhesion bonding can effectively protect the substrate without experiencing major cracks due to expansion and shrinkage during the fire test. Fig. 3 shows the fire retardant test curves for bare mild steel, sample S24 (which produced poor results) and S7 (which showed better results). Considering 500°C is the temperature where mild steel loses its strength, uncoated mild steel failed rapidly at only 28 seconds while sample S24 failed after 5 minutes following exposure to direct fire. The back temperature of mild steel plate of sample S7, which has the best coating composition, reached 300°C after at least 17 minutes and equilibrium temperature (at about 398°C which is well below mild steel failure temperature) after about 25 minutes. The equilibrium temperature is expected to remain unchanged for at least one hour. Due to improper coating expansion of sample S24 and poor adhesion bonding between coating and substrate, fire was able to reach the substrate resulting in poor fire retardant performance (see Fig. 4 ). Sample S7 showed the best fire retardant performance in terms of adhesion compared to S24. In addition, the central part of the sample, where the coating had direct contact with the fire, is believed to undergo crystallization as evident from the glassy structure shown in SEM. This crystalline state probably remain unchanged thus providing longer-lasting protection. Fig. 5 shows TGA results obtained for sample S7 and S24 when exposed to nitrogen. Weight loss began at around 55°C for both samples and a total of approximately 2.5% of absorbed water dehydrated at 112°C. The onset of rapid weight loss occurred at around 127°C which can be associated with the removal of free water, bonded water with hydrogen bond [13] or water bonded to silicate molecules [14] . According to Hollingbery et al. [15] , water loss through the endothermic dehydration will leave a thermally stable residue. Since sample S7 has higher rate of dehydration compared to sample S24 with a 6% difference at 150°C, sample S7 reached thermal stability faster and at lower temperature (514.4°C) compared to sample S24 at 522.5°C. The overall weight loss was 27.7% and 22.6% for sample S7 and S24 respectively. The results are quite similar to those recorded by Ferone et al. [16] for TGA curve using metakaolin-based geopolymer cured at room temperature. It is worth pointing out that metakaolinand RHA-based geopolymer coating may have similarities in terms of thermal degradation and stability. 
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Properties and Application of Geopolymers Surface morphology. Fig. 6 shows the microstructure of sample S7 (before and after exposure to fire) which exhibited the best fire retardant properties. Geopolymer can be seen in the sample (Fig. 6a and b) which showed a microstructure with continuous crystalline surface within the gel matrix. Interestingly, such structure was previously reported by Steveson et al. [17] and Kong et al [14] for metakaolin geopolymer. Both researchers described the structure as a uniform plate-like layered structures with angular edges. Micro cracks (wrinkles) which is believe to be shrinkage cracks were clearly observed on the surface of the sample due probably to water evaporation during curing process. Following exposure to fire at approximately 800°C for more than 30 minutes results in wider and deeper cracks (wrinkles) ( Fig. 6c and d) . This is due to further removal of hydrogen bonded water. The surface of the coating is covered with small and large needle-like structures. According to Zhang et al. [18] , such structure indicated that more oligomers are generated which triggered the release of more reactive Si-and Al-tetrahedra. The formation of crystalline components, which indicates high degree of geopolymerization, may be the reason for good fire performance. and after (c and d) exposure to fire and then stripped from the metal substrate.
Conclusion
After considering the interaction between factors, factor B (ratio of RHA/AA) and E (concentration of NaOH) were found to be the most influential. Except for factor C (curing temperature) which has no effect on the time taken to reach 300°C, other factors were found statistically significant. Geopolymer coating composition with ratio of Si/Al of around 140 and ratio of water/solid between 1.35 and 1.50 showed better fire performance. Small and large needleshaped structures formed following fire test were probably the reason for the high fire performance (longer time taken to reach 300°C and lower temperature at equilibrium) in sample S7. The back temperature of mild steel plate of sample S7 (coating composition of A=5.5, B=0.3, C=50°C, D=7days, E=8M) reached 300°C after 17 minutes (or around 25 minutes to reach equilibrium) and achieved an equilibrium state at 398°C. The results proved that RHA with optimum coating composition has potential to be an alternative silica source for fire retardant coating material.
